Abstract. -We apply the scale-length method to several three dimensional samples of the Two degree Field Galaxy Redshift Survey. This method allows us to map in a quantitative and powerful way large scale structures in the distribution of galaxies controlling systematic effects. By determining the probability density function of conditional fluctuations we show that large scale structures are quite typical and correspond to large fluctuations in the galaxy density field. We do not find a convergence to homogeneity up to the samples sizes, i.e. ≈ 75 Mpc/h. We then measure, at scales r ∼ < 40 Mpc/h, a well defined and statistically stable power-law behavior of the average number of galaxies in spheres, with fractal dimension D = 2.2 ± 0.2. We point out that standard models of structure formation are unable to explain the existence of the large fluctuations in the galaxy density field detected in these samples. This conclusion is reached in two ways: by considering the scale, determined by the linear perturbation analysis of a self-gravitating fluid, below which large fluctuations are expected in standard models and through the determination of statistical properties of mock galaxy catalogs generated from cosmological N-body simulations of the Millenium consortitum Introduction. -In the past twenty years observations have provided growing evidences that galaxy distribution is organized in a complex network of structures and voids [1] [2] [3] [4] . Despite the fact that large scale galaxy structures, of size of the order of several hundreds of Mpc/h 1 , have been observed to be the typical feature of the distribution of visible matter in the local universe, the statistical analysis measuring their properties has identified a characteristic scale which has only slightly changed since its discovery fourthy years ago in angular catalogs. This scale, r 0 , was measured to be the one at which fluctuations in the galaxy density field are about twice the value of the sample density and it was indeed determined to be r 0 ≈ 5 Mpc/h in the Shane and Wirtanen angular catalog [5] . Subsequent measurements of this scale -see e.g. [6-13] -found a similar value, although in several samples larger values of r 0 have been found (i.e. r 0 ≈ 6 − 12 Mpc/h). This variation was then ascribed to a luminosity depen-
Introduction. -In the past twenty years observations have provided growing evidences that galaxy distribution is organized in a complex network of structures and voids [1] [2] [3] [4] . Despite the fact that large scale galaxy structures, of size of the order of several hundreds of Mpc/h 1 , have been observed to be the typical feature of the distribution of visible matter in the local universe, the statistical analysis measuring their properties has identified a characteristic scale which has only slightly changed since its discovery fourthy years ago in angular catalogs. This scale, r 0 , was measured to be the one at which fluctuations in the galaxy density field are about twice the value of the sample density and it was indeed determined to be r 0 ≈ 5 Mpc/h in the Shane and Wirtanen angular catalog [5] . Subsequent measurements of this scale -see e.g. [6] [7] [8] [9] [10] [11] [12] [13] found a similar value, although in several samples larger values of r 0 have been found (i.e. r 0 ≈ 6 − 12 Mpc/h). This variation was then ascribed to a luminosity depen-dent effect -see e.g. [7] [8] [9] 12] .
However, recently in a CCD survey of bright galaxies within the Northern and Southern strips of the 2dF Galaxy Redshift Survey (2dFGRS) [3] conclusive evidences where found that there are fluctuations of the order ∼ 30% in galaxy counts as a function of apparent magnitude [14] (see also [15, 16] for similar observations in other galaxy samples). Further since in the angular region toward the Southern galactic cap (SGC) a deficiency, with respect to the Northern galactic cap (NGC), in the counts below magnitude ∼ 17 (in the B filter) was found, persisting over the full area of the APM and APMBGC catalogs, this would be an evidence that there is a large void of radius of about 150 Mpc/h implying that there are spatial correlations extending to scales larger than the scale detected by the 2dFGRS correlation function [10, 11] . Indeed, by considering the two-point correlation function, and thus by normalizing the amplitude of fluctuations to the estimation of the sample density, the length-scale r 0 ≈ 6 − 8 Mpc/h was derived [10, 11] .
Structures and fluctuations at scales of the order of 100 Mpc/h or more are at odds with the prediction of the concordance model of galaxy formation [14] [15] [16] , while the small value of the correlation length is indeed compatible. In what follows we try to clarify this puzzling situation, i.e. the coexistence of the small typical length scales measured by the two-point correlation function analysis with the large fluctuations in the galaxy density field on large scales as measured by the simple galaxy counts. Because of the difference in the counts amplitude, and thus in the sample density between the NGC and the SGC samples, the estimation of the sample density is not stable and thus one must critically consider the significance of the normalization of fluctuations amplitude to the estimation of the sample density as used in the correlation analysis employed to measure the length scale r 0 .
More generally the problem of the statistical characterization these structures in a finite sample, of volume V containing M galaxies, can be rephrased as the problem of measuring volume averaged statistical quantities. The basic issue concerns whether these are meaningful descriptors, i.e. whether they give or not stable statistical estimations of ensemble averaged quantities [17] . In general it is assumed that galaxy distribution is an ergodic stationary stochastic process [17] , which means that it is statistically translationally and rotationally invariant, thus avoiding special points or directions. Stationary stochastic distributions satisfy these conditions also when they have zero average density in the infinite volume limit [17] . The assumption of ergodicity implies that in a single realization of the microscopic number density field n( r) the average density n 0 in the infinite volume is well defined and equal to the ensemble average density [17] . The constant n 0 is strictly positive for homogeneous distributions and it is zero for infinite inhomogeneous ones [17] . The infinite volume limit must be considered in the definition of probabilistic properties, but in physical systems one is concerned only with finite volumes and statistical determinations. For inhomogeneous distributions, in a finite sample, the estimation of the average mass density gives a large relative error with respect to the ensemble value and it is thus systematically biased [17] . This situation occurs as long as the sample size is smaller than the scale λ 0 at which the distribution turns to homogeneity, i.e. beyond which density fluctuations are small [17] . In the finite sample analysis it is then necessary to study the conditional scaling properties of statistical quantities, by an analysis of fluctuations and correlations which explicitly considers whether a distribution can be or not homogeneous. Before turning to the description of the methods employed to study galaxy distributions and mock galaxy samples we discuss the properties of the samples considered.
The Data. -The Two degree Field Galaxy Redshift Survey (2dFGRS) 2 [3] measured redshifts for more than 220, 000 galaxies in two strips in the southern galac-2 http://www.mso.anu.edu.au/2dFGRS/ tic cap (SGC) and in northern galactic cap (NGC). The median redshift is z ≃ 0.1 and the apparent magnitude corrected for galactic extinction in the b J filter is limited to 14.0 < b J < 19.45. The selection of the samples used in the analysis discussed below is described in [18] . To avoid the effect of the irregular edges of the survey we selected two rectangular regions whose limits are: for SGC 84
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We construct Volume Limited (VL) samples, which are unbiased for the observational selection effects due to the limit in apparent magnitude [12] . To this aim we computed the metric distance R(z) with parameters Ω M = 0.3 and Ω Λ = 0.7 (i.e. the concordance model) and we determined absolute magnitudes M using K-corrections from [19] . Two couples of VL samples, in each galactic cap, are identified by (i) 100 Mpc/h < R < 400 Mpc/h and -19.0 < M < -20.8 (SGC400 and NGC400) and (ii) 150 Mpc/h < R < 550 Mpc/h and -19.8 < M < -21.2 (SGC550 and NGC550). Each sample contains about N ≈ 2 ÷ 3 · 10 4 galaxies [18] .
Statistical methods. -The scale-length (SL) analysis [20] consists in the determination of the number N (r; R i ) of galaxies in spheres of radius r, centered on the i th galaxy at the radial distance R i from the observer. When this is averaged over the whole sample it gives an estimate of the average conditional number of galaxies in spheres of radius r [17, 20] 
where the sum is extended to the M (r) galaxies whose distance from the boundaries of the sample is smaller or equal to r. In this way when r growths M (r) decreases with r because only those galaxies for which the sphere is fully included in the sample volume are considered as centers [17] . In addition when r is large enough only a part of the sample is explored by the volume average [17, 20] . Thus for large sphere radii M (r) decreases and the location of the galaxies contributing to the average in Eq.1 is mostly at radial distance ∼ [R min + r, R max − r] from the radial boundaries of the sample at [R min , R max ]. By using these boundary conditions Eq.1 gives the so-called full-shell estimator [17, 21] . This has the advantage to make the weakest a-priori-assumptions about the properties of the distribution outside the sample volume. Indeed one may use incomplete spheres, by counting the galaxies inside a portion of a sphere and by weighting this for the corresponding volume [21] . However this method implicitly assumes that what is inside the incomplete sphere is a statistically meaningful estimate of the whole spherical volume. This is incorrect when a distribution presents large fluctuations. For example in the part of a spherical volume which lies outside the sample boundaries there can be an empty region or a large scale structure: in this situation the weighted estimate is biased [17] . In a finite sample, together with the average given by Eq.1, one may determine amplitudes of density fluctuations by measur-
∼ 1, where the last equality holds for inhomogeneous distributions (e.g. for a fractal N (r) ∼ r D and D < 3) and it means that fluctuations are persistent [17] . In such a situation, because, of the strong correlations, the Central Limit Theorem does not hold and the probability density function (PDF) of fluctuations does not generally converge to a Gaussian function as for homogeneous ones [17] , where δ(r) 2 ≪ 1 [17] .
The SL analysis of two 2dFGRS samples (Fig.1) shows large density fluctuations in the locations corresponding to large scale structures. Large scale structures transversely cross the NGC400 volume at about 250, 260, 290 and 320 Mpc/h of thickness of about 30 Mpc/h. When the sphere radius r is increased from 5 to 10 Mpc the most prominent structure is the one at about 250 Mpc/h. This is due to the geometrical selection effect previously discussed. In the SGC550 sample the situation is similar to the NGC400 case, except for the fact that the radial distances corresponding to the large variations (i.e. structures) in N (r; R i ) are different. We note that the same structures we observe in Fig.1 have been also identified with different methods [22, 23] .
Thus, galaxy distribution in these samples are dominated by several large scale structures which cross their volumes. These structures are typical, i.e. they are detected at different radial distances and in two different sky areas of the 2dFGRS. They correspond to large density fluctuations, i.e. large variations of N (r; R i ). For largest sphere radius we considered is r ≈ 40 Mpc/h we find fluctuations of order four in N (r; R i ). This implies that λ 0 > 40 Mpc/h.
Convergence to homogeneity ?. -We can now use the data obtained by the SL analysis to investigate whether there is a convergence to homogeneity at some large scales r > 40 Mpc/h. This is achieved by dividing the whole range of radial distances in bins of thickness ∆R centered at R, and computing in each bin the average N (r; R, ∆R) of N (r; R i ) at fixed r (Fig.2) . To this aim we used small radii r = 5, 10 Mpc/h in order to avoid substantial overlap in space between neighboring bins in radial distance. We expect that, if the distribution converges to homogeneity at a scale λ 0 , correspondingly N (r; R, ∆R > λ 0 ) does not show large fluctuations as a function of R. On the other hand for the largest radial bin chosen ∆R = 75 Mpc/h the measurements in bins centered at different R wildly scatters in the SGC and NGC samples, i.e. their values are outside the statistical error bars. These results show that structures, leading to persistent fluctuations up the largest scales sampled by this catalog, have an amplitude which is incompatible with homogeneity at scales λ 0 ≤ ∆R = 75 Mpc/h. A smooth redshift-dependent correction (i.e. galaxy evolution) would yield, at fixed R, to the same corrections in the SGC and NGC: thus the fluctuations detected cannot be an artifact of such an effect. The frequency distribution of conditional fluctuations gives an estimation of the PDF f (N, r): this is computed at fixed sphere radius r (Fig.1) . In all cases f (N, r) is non Gaussian and statistically stable, i.e. it does not change when it is computed in the whole sample or in two nonoverlapping sub-samples with equal volume at small and large radial distance. The tail of f (N, r) for large values of N is instead affected by the different fluctuations in the different sub-volumes. The trend is obvious: larger the fluctuations of N (r; R i ) more extended toward large N values is the tail of f (N, r). In each sub-sample, for the largest sphere radius r we find that f (N, r) is systematically distorted with respect to smaller sphere radii. This is due to fact that, for large sphere radii, the volume average cannot explore properly the full sample because of the geometrical selection effect present in the determination of N (r; R i ) and it is dominated by only few structures. The determination of the whole-sample average statistics, i.e. Eq.1, provides a meaningful statistical quantity as the PDF in all samples is reasonably statistically stable. We find N (r) ∝ r D with D = 2.2 ± 0.2 up to r ∼ 40 Mpc/h (Fig.2) in agreement with previous determinations by [18] .
Estimation of the standard two-point correlation function. -The estimator of the two-point correlation function can be written as [17] 
Persistent fluctuations in the distribution of galaxies where n S is the sample density. If N (r) ∝ r D then ξ(r) has the following features: (i) its amplitude is proportional to the sample size and (ii) it shows a break from a power-law at a scale of the order of the sample size. The amplitude of ξ(r) is then a ratio between a local and a global quantity (n S ). The former one can be estimated for instance as n S = N/V . When V is spherical of radius R s we get that ξ(r 0 ) = 1 for r 0 = (D/6) 1/(3−D) R s . The geometry of the 2dFGRS samples is a spherical portion for which the radius of the maximum sphere fully enclosed is about R s ≈ 40. Given that D ≈ 2, we get r 0 ≈ 10 Mpc/h, which is approximately the value obtained by [10, 11] . The normalized mass variance is equal to unity at approximately the same scale [17] . A more detailed discussion of the determination of the two-point correlation function can be found in [18, 33] .
Comparisons with standard models of galaxy formation. -In cosmological structure formation cold dark matter models [25] gravitational collapse firstly forms nonlinear structures (i.e. large fluctuations) at small scales and then larger and larger scales become non-linear. The theoretical homogeneity scale λ m 0 identifying the range of distances where large inhomogeneities are formed, can be defined to such that the unconditional relative mass variance in spheres is σ 2 (λ m 0 ) = 1 [24] . Thus from the time dependence of the power spectrum in the linear perturbation analysis of the self-gravitating fluid equations it is possible to derive the time-dependence of λ m 0 (t) [24] . By normalizing the initial amplitude of density fluctuations to the Cosmic Microwave Background Radiation (CMBR) anisotropies it is found that at the present time, in the concordance model, λ m 0 ≈ 10 Mpc/h [26, 28, 29] . This estimation is in agreement with results of cosmological N-body simulations which are used to study the non-linear regime for r < λ m 0 . Here we considered the cosmological simulations performed by the Millennium project which are the largest ones performed until now [29] . Amount of dark matter and cosmological parameters are given in agreement with the standard concordance models. Dark matter simulations have about 10 10 particles and galaxies are identified according to semianalytics models of galaxy formation [34] . We used a mock galaxy catalog with about 9 millions objects, where absolute magnitudes of mock galaxies can be transformed in the same filter b J of the 2dFGRS [34] . We have cut samples with almost same geometry, number of objects and limits in magnitude and distance as the 2dFGRS samples. Note that we computed N (r; R i ) where R is the real-space position of each object with respect to the observer: in redshift space the dimension for r < 10 Mpc/h is slightly different [33] . We find (Fig.2) that N (r) ∼ r 1.2 for r < 10 Mpc/h and N (r) ∼ r 3 for r > 10 Mpc/h. The PDF of conditional fluctuations rapidly converges to a Gaussian for r > 10 Mpc/h and it is statistically stable (Fig.3) . Correspondingly N (r; R i ) shows different and more quiet fluctuations than the real data. Note that at scales r > 10 Mpc/h density fluctuations in the dark matter field are in the linear regime and thus the understanding of biasing in that case is simple. Indeed, according to the simple threshold sampling a Gaussian field [27] biasing is linear when fluctuations are small and Gaussian [26] . In addition only non-local biasing mechanisms, which at the moment have not been explored in the literature, could possibly produce large scale density fluctuations of the kind observed in the galaxy distribution.
Discussion. -In summary, by applying the SL method to the 2dFGRS samples we detect large density fluctuations of considerable spatial extension. At scales r ∼ < 40 Mpc/h we find statistically stable power-law correlations with fractal dimension D = 2.2 ± 0.2 in agreement with previous determinations [17, 18, 20, [30] [31] [32] . For r > 40 Mpc/h we find that the galaxy distribution is strongly inhomogeneous and fluctuations are large up to the samples sizes, in agreement with a similar analysis of the SDSS data [20] . Persistent large scale density fluctuations are compatible [17] with fractal power-law correlations extending to scales r > 40 Mpc/h but incompatible with homogeneity at λ 0 ≤ 75 Mpc/h. On the other hand, standard models of galaxy formation, normalized to CMBR anisotropies, predict λ m 0 ≈ 10 Mpc/h [24, 29] , i.e. smaller than our lower limit λ 0 > 75 Mpc/h. This prediction is in agreement with the results we found in mock galaxy catalogs where we measured that, fluctuations are more smoother than in the 2dFGRS samples, and their PDF rapidly converges to a Gaussian function for r > 10 Mpc/h.
Our results are in contrast with the standard determinations that the characteristic length scale of galaxy distribution, marking the transition to the regime of small fluctuations, is of the order of 10 Mpc/h [11] [12] [13] . This is because this length scale is derived by measuring the amplitude of two-point correlation function ξ(r). When considering this quantity, which is normalized to the estimation of the sample density, it is implicitly assumed that the distribution is homogeneous (i.e. with small amplitude fluctuations) well inside the sample volume, i.e. λ 0 ≪ V 1/3 [17] . When fluctuations are large, as in the case of the 2dFGRS samples, this descriptor is systematically biased by finite size effects [17, 18, 20] and so is the characteristic length scale derived from its amplitude. On the other hand our results fairly agree with studies of galaxy counts as a function of the apparent magnitude N (m), which indirectly probe radial distance fluctuations. These show large fluctuations around the average behavior: particularly N (m) in the SGC are down by 30% relative to the NGC counts [14] . These behaviors can be now directly related to large scale galaxy structures and particularly to the fact that in the NGC samples there are more structures, and thus an higher amplitude of N (r; R, ∆r) (Fig.2) , than in SGC samples.
Finally it is worth noticing that our results agree with the conclusion of [23] who found that large scale structures (e.g. super-clusters) are more frequent in observed samples than in the simulations.
